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An improved Boltzmann plot method where the intensity is taken as the integral of the experimental spectrum within a special band for a cluster of a rotational line of and branches is proposed. This method aims at deducing rotational and vibrational temperatures using CH radical 2 Δ→ 2 Π band emission spectroscopy accurately. In addition, the data relative to the rotation lines of CH ( 2 Δ→ 2 Π ) for both temperatures are assembled. The emission spectrum of CH ( 2 Δ→ 2 Π ) at the inner cone of an acetylene-oxygen flame in a rich oxygen state is recorded and both of the temperatures are determined by the above-mentioned method. The values are recorded as 3141 K and 3097 K, for the rotational and vibrational temperatures, respectively. This result reveals that the equilibrium between the rotation and vibration states is achieved. A simple discussion for this method is also provided. It is well known that the dissociation of hydrocarbon results in the accumulation of CH radicals in some environments with a high temperature, such as in a combustion and plasma system. From the view point of the CH radicals, rarefied arc-jet plasma can be utilised to simulate the atmospheric re-entry plasma formed around the surface of a spacecraft during its re-entry into the atmosphere of some astronomical bodies. This is due to the fact that the CH radicals at these ground test facilities also appear in the corresponding atmospheric re-entry plasma if there is a certain amount of methane in their atmosphere. In addition, using the emission spectrum of CH, some parameters of the plasma can be non-intrusively estimated. [1−7] For example, the values of the rotational temperature r and vibrational temperature v can be determined using the emission spectrum of 2 Δ→ 2 Π transition of the CH emission, [1−5] based on the theory that the equilibrium distributions of both the rotation and vibration distributions of the electronically excited CH satisfy the Boltzmann distribution law.
In recent years, the experimental spectrum (ES) of CH ( 2 Δ→ 2 Π ) obtained using spectrometers with a high wavelength resolution has been used to determine r of CH. In these experiments, the lines of branch in the ground vibration band for r are well separated from the neighbouring lines in ES and, therefore, their intensities are taken as the heights of the corresponding spectral peaks. [1, 2, 4] The accuracy of the measurement using this method has been validated by the line reversal method. [2, 8, 9] After having the intensities, r can also be determined by the optimal fittings of ES with the numerical spectrum (NS). [3] [4] [5] [6] 10] Finally, it is considered that r is equal to the translational temperature because a sufficiently fast relaxation usually exists between rotational states and translational states. [4, 11, 12] However, the heights of the rotational lines are not always linearly proportional to the corresponding intensities and the accuracy of the temperature rapidly decreases with the resolution of the spectrometer, which can become so low that these rotational lines overlap with the other lines. In addition, the accuracy of r decreases with the increasing difference between the optical apparatus functions (OAF) of NS and those of ES because OAF of ES is not usually a theoretical formula. Therefore, it is not easy to determine r by fitting ES from an NS for r with a high accuracy.
In this Letter, an improved Boltzmann plot method is proposed for determining r and v by using ES from 2 Δ(0, ′ )→ 2 Π(0, ′′ ) with a low wavelength resolution, based on the fact that the branch of 2 Δ(2, ′ )→ 2 Π (2, ′′ ) has a distinctive characteristic of having a very narrow wavelength distribution range. Thus, there is a peak for v in the corresponding spectral profile. [1, 2, 4] The vibrational temperature is also determined by combining some lines of branch in the
where the intensities are equal to the integrals of the lines within broadening ranges. By using the ES from the inner core of an acetylene-oxygen flame in an oxygen-rich atmosphere, r and v are determined and the measured result reveals that v is approximately equal to r . The species at different rotational levels satisfy the Boltzmann distribution law at the thermal equilibrium state. Therefore, the intensities of the rotational lines in the emission spectrum can be used to determine r . The equation characterising each rotational line of the emission of
where ′ , , and is the transition probability of the vibration state, the Hönl-London factor, and the wave number of the th rotational line.
′ and ′ ′ are the upper levels of the corresponding vibration state and those of the rotation state for this line, respectively; and are the Boltzmann constant and a constant for the spectral intensity, respectively.
The data of the emission spectrum of the diatomic molecules [13] show that the intensities of the rotational lines with ′ = ′′ are much stronger than those with ′ ̸ = ′′ due to the fact of
. Therefore, the spectral intensity profile is made up mainly from the rotation lines with ′ = ′′ . can be measured from the ES; ′ , , , ′ ′ and ′ are all known, thus, three unknown variables , r and v are noted in Eq. (1). r can be uniquely determined by two rotational lines if the rotation lines both are chosen from one vibration band. More lines in the emission spectrum are used in the Boltzmann plot method to improve the accuracy of r .
[1,2,4] Moreover, if the peaks of these rotational lines are isolated from the neighbouring lines, their heights are linearly proportional to their intensities. The wavelength resolution of the spectrometer should be higher than 0.05 nm, considering that the wavelength intervals of the neighbouring rotational lines are from about 0.01 to 0.1 nm. [13] Unfortunately, the signal-to-noise ratio of an ES usually deteriorates with the increasing wavelength resolution of a special spectrometer.
In an ES, a rotational line is convoluted into a band with a certain profile. Moreover, the wavelength resolution of the spectrometer decreases to a state, which is so low that the band of a rotational line may overlap with the neighbouring lines. Thus, its intensity is not represented by its height. However, in an isolated spectral band with a zero value at the two edges 1 and 2 , the intensity is the sum of the convolutions of rotational lines, Eq. (1) is developed into
The more the intensities at the two sides of an isolated band approach the zero value, the higher the accuracy of Eq. (2) for an ES. Several rotational lines of the branch of the 2 Δ(0, ′ )→ 2 Π (0, ′′ ) are chosen to speculate r in the process of determining r . is then calculated using the intensity integral of some lines of the branch of the
The emission of CH ( 2 Δ→ 2 Π ) comes from the electronic transition between the 2 Δ and the 2 Π states. The upper level ′ ′ is split into four levels. Thus, every vibrational transition consists of 12 main branches and 12 satellite branches. The radiation from the main branches is much stronger than that from the satellite branches [13] and the wavelength ranges from 414 nm to 441 nm. [1, 2, 4, 5, 13] Figure  1 shows the wavelength distribution and Hönl-London factors of the main branches of ′′ = 0, ′′ = 1, and ′′ = 2, where their wavelengths of four branches decrease with increasing ′′ and the rotational lines with ′′ = 0 overlapped with those with ′′ = 1 and ′′ = 2. However, the branch with ′′ = 2 is away from branches with ′′ = 0 and ′′ = 1 and appears as an isolated peak in the ES. [1, 2, 4, 5] On the other hand, Hönl-London factors of the main branches all increase with ′′ . However, the values of Hönl-London factor of the lines in satellite branches decreases versus ′′ and their maximum is also smaller than the minimum of Hönl-London factors of the main branches. Therefore, the contributions of the satellite branches to the spectral distribution can be ignored. The method described above is utilised to initially determine r , where the intensities of the rotational lines are taken as the integral of the spectral intensity at the corresponding isolated bands. ′′ are also equal to one value of 0 ′′ . Since the differences of the upper levels of the four lines all are at the 0.1 cm −1 level, Eq. (2) for the branch containing the four rotational lines is degenerated into
where 0 ′′ + 0 ′′ = 2 0 ′′ , as shown in Table 1 .
To determine r of the inner core of an acetylene oxygen flame under a rich oxygen condition, the ES of OH and CH in this region are recorded. Figure 2 shows the recorded spectrum where the wavelength resolution of the spectrometer used is 0.09 nm, the pressures of oxygen and acetylene are all 0.4 MPa, and the flux of oxygen is about 4-5 times compared to that of acetylene. Figure 2(a) shows that a typical spectral peak from the main branches of CH (C-) for ′′ = 0 is located at 314.2 nm, which represents the existence of CH radicals.
[16] Apart from the inner core, the intensity of this peak rapidly weakens, thus the density of CH also declines. Figure 2(b) represents the corresponding ES at the inner core of the flame. Table 2 . Intensity integral of the and branches in the spectrum in Fig. 2(b) . Intensity (arb. units) Fig. 2 . Emission spectroscopy of (a) OH ( 2 Σ + → 2 Πr ) and (b) CH ( 2 Δ→ 2 Π ) at the inner core of an acetylene-oxygen flame at a rich oxygen state.
A zoomed image of the part of Fig. 2(b) from 418 nm to 428 nm is shown in Fig. 3 to reveal the branch of the 2 Δ(0, ′ )→ 2 Π (0, ′′ ) band of the ES clearly. The ES in Fig. 3 shows the values of the intensity integrals. The intensity integrals of the wavelength ranging from ′′ = 13 to ′′ = 19 are calculated and listed in Table 2 . The measured results of the branch of 2 Δ(2, ′ )→ 2 Π (2, ′′ ) are also provided. Figure 4 shows the plots of the branch from ′′ = 13 to ′′ = 19 by using Eq. (3) and the slope of the line by fitting these points, which corresponds to the reciprocal of r = 3141 K. This result is close to the value of 3342 K at the stoichiometric ratio of the oxygen and acetylene. The latter is solved by the Gaseq software, which is available in the website of www.gaseq.co.uk. )︁]︁ −1 .
The peak at 432.4 nm in Fig. 2(b) comes from the radiation of the main branches of ′′ = 2. The parameters of the lines of the main branch of 2 ≤ ′′ ≤ 22 can be calculated using the combination relations in Ref. [15] . The calculations are listed in Table 3 for the calculation of where the lines of ′′ > 22 are ignored because they have a low spectral intensity and their wavelengths are also away from 432.4 nm, as shown in Fig. 1 . Considering that the difference of the wave numbers between the states of 2 Δ(2, 0) and 2 Δ(0, 0) is 5287.3 cm −1 and the corresponding temperature value is 7613 K and employing the parameters and the measured results listed in Tables 2 and 3 Fig. 5 and the corresponding average value is 3097 K. The thermal equilibrium between the vibration state and the rotation state is reached because of r ≈
. At the states with temperatures of 3141 K and 3097 K, the ratios of acetylene to oxygen are 2:9.2 and 2:10.2, respectively, which are obtained using the software from www.gaseq.co.uk. They are also in agreement with the ratio of the flux of acetylene to that of oxygen.
In summary, an improved Boltzmann plot method was proposed to determine the rotational and vibrational temperatures. In the method, the intensities of the rotational lines are taken as the integral of the spectral intensity in some special band. The values of the temperatures at the inner core of an acetylene oxygen flame at oxygen-rich conditions are estimated from the data of the experimental spectrum of CH ( 2 Δ→ 2 Π ). The experimental result reveals that the rotational temperature is equal to the vibrational temperature.
